The human jaw is a unique bone that facilitates mastication. The structural properties of the jaw are determined by mechanical stresses transmitted via the teeth. However, it is very difficult to evaluate the impact of these mechanical stresses on bone. In recent years, it has become clear that the orientation of biological apatite (BAp) crystals is closely related to local stress, and is thought to respond more acutely to local stress than bone mineral density (BMD). Few studies have been conducted on BAp crystal alignment in response to mechanical stress in the human jaw, which has a complex masticatory function. The purpose of this study was to quantitatively evaluate BMD and BAp crystal orientation using micro-computed tomography (micro-CT) and microbeam X-ray diffractometry in the anterior cortical bone of human mandible. The intensity and direction of mechanical stresses in both the alveolar area and mandibular base were compared.
Introduction
Bone plays a supporting role when the body is subjected to various loads, and undergoes constant remodeling in adapting to the mechanical environment. The theory of this relationship between bone remodeling and mechanical stress is known as Wolff's law. 1) When mechanical stress is applied to the body as a whole it is distributed unevenly. This means that the optimal bone strength required for each part of the body will differ.
2) The human jaw, in particular, is a highly unique bone that facilitates mastication, possesses specific structural properties, and is affected by occlusal force and various other functional pressures transmitted via the teeth. 3) Nakajima et al. performed bone morphometric analysis of the jaw and reported that the bone structure around the teeth was dense in comparison with that at the mandibular base. 4) Ichim et al. conducted 3-dimensional finite element analysis to determine the impact of mechanical stress exerted on the jaw via the teeth. 5) The results of those studies suggested that load applied via the teeth plays a major role in altering the internal structure of the jaw. However, being invisible, direct evaluation of mechanical stress is difficult. Measurement of bone strength, which is closely correlated with the mechanical environment of the bone, is an indirect yet highly effective way of evaluating mechanical stress. 6) Bone strength is most often determined by quantitative evaluation of bone mineral density (BMD). 7, 8) In recent years, however, measurement of BMD alone has been deemed insufficient to account for bone strength; therefore, additional qualitative characteristics such as bone structure on both the micro and macro scale, calcification, bone matrix and bone turnover have also been evaluated. 9) Bone is a well organized nano-structure dominantly composed of collagen fibers and biological apatite (BAp) crystals. The structure of BAp crystals is characterized by an anisotropic hexagonal lattice formed along three axes, 10) and orientation along the c-axis is correlated with the alignment of collagen fibers.
11)
The orientation of BAp crystals is known to play a role in the mechanical function of bone. 10, 12, 13) Furthermore, the c-axis orientation of BAp crystals shows a marked response to local stress. Therefore, clarifying its characteristics would help determine the intensity and direction of mechanical stress. 6, 11) Bacon et al. studied edentulous mandibles using neutron radiography and found that, even within the jaw bone, BAp crystals aligned in response to attached muscle-induced mechanical stress.
14) Nakano et al. recently developed a microbeam X-ray diffractometer capable of analyzing localized regions. Using this device in various animals such as rat, beagle and monkey, they evaluated bone in previously hard-to-detect local regions of the jaw and demonstrated change in BAp crystal alignment in the vicinity of the teeth. 6, 15, 16) However, similar research has yet to be conducted on the human jaw, which has a more complex masticatory function.
The purpose of this study was to quantitatively evaluate BMD and BAp crystal orientation using micro-computed tomography (micro-CT) and microbeam X-ray diffractometry in the anterior cortical bone of the human mandible. The intensity and direction of mechanical stresses in both the alveolar area and mandibular base were compared.
Materials and Methods

Samples
Mandibular samples from 5 Japanese adult cadavers were obtained from the Department of Anatomy, Tokyo Dental College. The cadavers (mean age: 67.0 « 12.2 years) had normal occlusion and no history of metabolic bone disease. The area from the mesial to distal contact points of the mandibular left central incisor extracted by sagittal section at the contact points served as the region of interest. Extracted block samples were fixed in 10% neutral buffered formalin solution before being dehydrated in ethanol.
Micro-computed tomography
Micro-CT images were acquired from the incisal edge of the central incisor to the lowermost point of the mandibular mental region using a micro-CT system (HMX-225 Actis4, TESCO Co., Yokohama, Japan). Imaging conditions were as follows: matrix size, 512 © 512; tube voltage, 100 kV; tube current, 70 µA; magnification, ©2.5; slice width, 50 µm; slice pitch, 50 µm; field of reconstruction, 72 mm; voxel size, 140 © 140 © 50 µm. The imaginary occlusal plane was used as the base plane.
Measurement sites
The block samples were first embedded in autopolymerizing acrylic resin leaving the surface to be measured exposed.
The embedded samples were then sliced parallel to the sagittal plane using a saw microtome with a blade thickness of 300-µm to obtain one 200-µm slice centered at the apical foramen and two 200-µm slices on either side at 300-µm intervals to yield a total of 3 slices. Waterproof sandpaper (#400 ¼ #800 ¼ #1200) was used to eliminate the roughness of the sectioned sample surfaces.
The apical region of the alveolar area and the area surrounding the lowest point of the mandibular base were designated as the measurement areas, with 3 measurement points set for each area (Fig. 1 ).
Measurement of bone mineral density
Bone mineral density was measured in the same area as that subjected to micro-CT imaging. First, a CT value-BMD calibration curve was prepared using phantoms 17) which measured ¤6 © 1 mm and contained hydroxyapatite embedded in epoxy resin. Phantom densities were 800, 700, 600, 500, 400, 300 and 200 kg/m 3 . The calibration curve was prepared after performing micro-CT, and was subsequently used to calculate the BMD values by converting the CT values with the aid of the TRI/3D-BON-BMD-PNTM2 software (RATOC System Engineering Co., Ltd., Tokyo, Japan).
Biological apatite crystal orientation
Quantitative analysis of BAp crystal orientation was performed with a microbeam X-ray diffractometer employing both reflection-and transmission-based optical systems (RINT2500 + Imaging plate, Rigaku Co., Tokyo, Japan) and Cu-K¡ beams. Samples were arranged in the mesiodistal direction along the X-axis, along the direction of masticatory force on the Y-axis, and in the lingual direction on the Z-axis (Fig. 2) . Tube voltage was set at 40 kV and tube current at 200 mA for all samples. The incident beam was focused on a spot 100 µm in diameter using a collimator to detect diffraction patterns from the optimal volume fraction of the samples from the viewpoint of size of BAp crystallites and bone microstructure relative to the beam diameter.
Samples were initially measured along the X-axis using the reflection optical system and an oscillating stage, and the diffracted X-ray beams were detected using a curved position-sensitive proportional counter. Next, the samples Measurements were conducted in alveolar area at 2 mm above and below region including root apex; measurement sites were located directly below root and in buccal and lingual cortical bone. Measurements were conducted in mandibular base at region below cancellous bone; measurement sites were located at buccal, central and lingual trisections.
were measured along the Y-and Z-axes using the transmission optical system. Measurement conditions were the same as those used by Nakano et al. 6, 18, 19) The transmission diffractometer produced diffraction rings on the imaging plate (IP) with diffraction lines. The extent of BAp crystal orientation was then evaluated by reading the IP with detection software (3DS, Rigaku Co., Tokyo, Japan) and calculating the intensity ratio of the two diffraction peaks, namely (002) and (310). The mean value for the 3 sample slices was taken as the measurement value.
Statistical analysis
The means of the 3 alveolar and 3 mandibular base measurements along the X-, Y-and Z-axes were compared using the Student's t test. Significant differences in BMD or BAp crystal orientation in the alveolar area and mandibular base were also investigated in each sample in order to determine individual differences. Correlation between BMD and BAp crystal orientation was examined by determining the correlation coefficient.
A P value of <0.05 was considered statistically significant.
Results and Discussion
Figure 3(a) shows a sagittal image passing through the root apex of the mandibular left central incisor. The image was constructed using the TRI/3D-BON software package. The BMD values are expressed in color, with high-BMD regions appearing in yellow and low-BMD regions in blue. In the present study, BMD images of all sliced samples were yellow in both the alveolar area and mandibular base.
The results of quantitative evaluation of BMD in the alveolar area and mandibular base are shown in Fig. 3(b) . Although distribution of local stress reportedly differs between the alveolar area and base of the human mandible, 20) no significant difference in BMD values was observed in the present study (p > 0.05). This finding concurs with previous studies that found no correlation between mechanical stress and BMD values in local areas of bone. 2123) Figure 4 shows BAp crystal orientation along the X-axis (mesiodistal direction) measured using reflection-based diffractometry. BAp crystal orientation along the X-axis was high in the mandibular base and low in the alveolar area, with a significant difference between the two.
BAp crystal orientation along the X-axis was slight in the alveolar area, even though BAp crystals in load-bearing areas have been shown to align in other directions in conventional animal models. Therefore, BAp crystal orientation in other directions was also examined in the present study using 2-dimensional quantitative evaluation. 16 ,18) Figure 5 shows BAp crystal orientation along the Y-and Zaxes obtained by transmission X-ray diffractometry in the YZ plane. BAp crystal orientation was marked along the Y-axis in the alveolar area, with only weak orientation along the X-axis. A significant difference was observed between the alveolar area and mandibular base along the Y-axis (p > 0.05). In contrast, values for both the alveolar area and mandibular base were not high along the Z-axis. In other words, uniaxial alignment along the X-axis was observed in the mandibular base, with preferential orientation along the Y-axis in the alveolar area. This suggests that, while the base of the mandible has a horseshoe-shape and long bone-like structure, with the mandibular condyle constituting the head of the bone, 3) and exhibits preferential BAp orientation along the long axis of the bone, orientation in the alveolar area, which is subjected to impact from the teeth, is along the direction of masticatory force. In earlier animal model studies, Nakano et al. found that the c-axis of BAp crystals was aligned preferentially in the direction of maximum principal stress. 6, 24) This indicates that healthy original bone can exhibit an appropriate mechanical function by developing material anisotropy on the basis of the applied stress field. The present results demonstrated clear differences in BAp crystal orientation between the alveolar area and mandibular base, thus probably ensuring optimal mechanical function of the human mandible. 6) Furthermore, Ishimoto et al. reported a strong correlation between Young's modulus and BAp crystal orientation in rabbit ulna, 25) suggesting that there was a difference in mechanical strength (Young's modulus) between the alveolar and base areas of mandibular bone. Table 1 shows significant differences between the alveolar area and mandibular base in each sample. These data indicate differences between individual samples. Examination of the X-and Y-axes, which exhibited major differences in their respective orientations, revealed significant differences in all samples. This finding was attributed to the fact that, in each of the samples, mechanical stress was exerted on the alveolar area via the teeth. Moreover, no major individual differences were observed in the alveolar area or mandibular base in any of the samples, at least on the basis of BMD measurements.
The correlation between BAp crystal orientation and BMD values was also examined by calculating the correlation coefficient from the study results. The graph in Fig. 6 illustrates the correlation between BAp crystal orientation and BMD values. As can be seen, no correlation between BAp crystal orientation and BMD values was evident in either the alveolar area or mandibular base (p > 0.05). This lack of a correlation demonstrates that BAp crystal orientation is unrelated to BMD, regardless of axial direction, and that each of these parameters changes independently of the other. Differences in the respective susceptibilities of BMD and BAp crystal orientation to local stress may explain this independence. 16, 26) In comparison to BMD, BAp crystal orientation demonstrated more prominent localized effects of dentition.
The above results suggest that, because it is a unique bone subject to various functional pressures via the teeth, it is not always sufficient to rely on BMD values alone when evaluating the human mandible, and that incorporation of other parameters that control bone quality such as BAp crystal orientation (as when measuring osteoporosis) enables more precise evaluation.
Conclusion
In the present study, we performed quantitative evaluation of BMD and BAp crystal orientation using micro-CT and microbeam X-ray diffractometry in the anterior cortical bone of human mandible.
The results showed that BAp crystals were oriented in the mesiodistal direction within the mandibular base, but were preferentially oriented in the direction of masticatory force within the alveolar area. These findings demonstrate that, in the context of qualitative evaluation of bone, the human mandible is a highly unique bone possessing site-specificity. On the other hand, BMD values did not exhibit sitespecificity, and BMD values and BAp crystal orientation each functioned as independent parameters. This suggests Fig. 4 BAp crystal orientation along X-axis (mesiodistal): respective orientations in alveolar area and mandibular base were compared. Vertical axis indicates diffraction intensity ratio calculated on basis of X-ray diffraction peaks (002) and (310).
that it is essential to consider other parameters in addition to BMD in describing bone quality when evaluating the human mandible. 
